Comparison of splice sites in mammals and chicken
Josep F. Abril, Robert Castelo, and Roderic Guigó 1 Biomèdica, Institut Municipal d'Investigació Mèdica, Universitat Pompeu Fabra, and Programa de Bioinformàtica i Genòmica, Centre de Regulació Genòmica, C/ Dr. Aiguader 80, Catalonia, Spain We have carried out an initial analysis of the dynamics of the recent evolution of the splice-sites sequences on a large collection of human, rodent (mouse and rat), and chicken introns. Our results indicate that the sequences of splice sites are largely homogeneous within tetrapoda. We have also found that orthologous splice signals between human and rodents and within rodents are more conserved than unrelated splice sites, but the additional conservation can be explained mostly by background intron conservation. In contrast, additional conservation over background is detectable in orthologous mammalian and chicken splice sites. Our results also indicate that the U2 and U12 intron classes seem to have evolved independently since the split of mammals and birds; we have not been able to find a convincing case of interconversion between these two classes in our collections of orthologous introns. Similarly, we have not found a single case of switching between AT-AC and GT-AG subtypes within U12 introns, suggesting that this event has been a rare occurrence in recent evolutionary times. Switching between GT-AG and the noncanonical GC-AG U2 subtypes, on the contrary, does not appear to be unusual; in particular, T to C mutations appear to be relatively well tolerated in GT-AG introns with very strong donor sites.
Grup de Recerca en Informàtica
[Supplemental material is available online at www.genome.org. The following individuals kindly provided reagents, samples, or unpublished information as indicated in the paper: P. Bork and I. Letunic.] Protein-coding genes are characteristically interrupted by introns in the genome of higher eukaryotic organisms. While intron function and origin has been debated at length (de Souza 2003; Fedorova and Fedorov 2003; Roy et al. 2003) , recent comparative analyses show an abundance of conserved elements in intronic sequences (for instance, see Dermitzakis et al. 2002; Hare and Palumbi 2003) . This strongly suggests that introns are rich in elements playing functional, probably regulatory, roles (Mattick 2001) . Splicing of introns is found in all main branches of eukaryotes, that is, animals, plants, fungi, and protozoa, indicating an early origin of splicing within eukaryotes, or the existence, in the pre-eukaryotic world, of a precursor of splicing. Indeed, the two major molecular mechanisms by means of which splicing is produced, U2-and U12-dependent, seem to have evolved independently prior to the divergence of the animal and plant kingdoms Zhu and Brendel 2003) .
Within each of these two classes of splicing, sequence features involved in intron specification are essentially conserved across eukaryotes. In both classes, the sequence information needed to specify the 5Ј and 3Ј splice sites-hereafter also described as donor and acceptor sites respectively-is largely confined to their surrounding region (see Fig. 1 ). Conserved sequences in these regions interact with the splicing machinery to promote the assembly of the spliceosome and activate the biochemical pathway that leads to the production of the spliced mRNA (for review, see Burge et al. 1999) . Despite the strong conservation, the sequence of splicing signals does not carry enough information to unequivocally specify introns in the large sequence of the pre-mRNA transcripts, occasionally hundreds of thousands of nucleotides long; and recent research suggests that signals other than those in the region of the splice sites play a role in the definition of the intron boundaries (for review, see Caceres and Kornblihtt 2002; Cartegni et al. 2002; Black 2003) .
Thus, in eukaryotic organisms, splicing introduces an additional level of decoding-prior to translation-on the sequence of the primary RNA transcript. There is a fundamental difference, however, between the genetic code-the mapping of nucleotide sequences (triplets) into 20 (or more) amino acids-and the splicing code-the mapping of nucleotide sequences into 3Ј and 5Ј intron boundaries. The genetic code is essentially deterministic; within a given species, a given triplet in the mRNA sequence results always in the same amino acid-the dual role in selenoproteins of the TGA triplet as stop and selenocysteine codon probably the most notable of all exceptions (for instance, see Kryukov et al. 2003) . The splicing code, in contrast, is inherently stochastic; the probability of a splicing sequence in the primary transcript to participate in the definition of an intron boundary ranges from zero to one, and it is conditioned to very many different factors (which could be other sequences-maybe distant). The tissue-specific distribution of relative abundances of alternative splicing products (Xu et al. 2002; Yeo et al. 2004) , for instance, reflects this nondeterministic nature of the splicing code.
The stochasticity of the splicing code offers opportunities for evolution that are absent in the highly deterministic genetic code. The availability of an increasing number of eukaryotic genomes makes it possible to investigate such an evolutionary process. Here, we report on findings obtained by comparing a large collection of orthologous introns (introns occurring at equivalent locations in orthologous genes) and their defining splice sites in human, mouse, rat, and chicken. Our results provide insights into the dynamics of the evolution of splice-site sequences during the most recent period of the history of life on earth.
Results
In this section, we first report results concerning interconversion between the two major classes of introns, U2 and U12, and subtype switching within each class. Then, we report on the com- The conserved sequence of the U12 branch point is also shown. From human, mouse, rat, and chicken
RefSeq genes, a total number of 337,336, 2506, and 935 splice-site sequences from CDS introns from Ensembl were included in GT-AG, GC-AG, and U12 splice site sets, respectively, to produce the corresponding pictograms.
parison of splice-site sequences in human, rodents, and chicken. We have compared the overall sequence patterns of splice sites and investigated the level of sequence conservation between orthologous splice sites.
The analyses described here are very sensitive to the identification of true orthologous introns, as well as to the prediction of correct splice boundaries, particularly in the case of the noncanonical U12 introns. Because U12 introns constitute only a tiny fraction of all eukaryotic introns, computational gene prediction methods ignore them. Therefore, in absence of good cDNA coverage, computational gene catalogs are likely to heavily misrepresent them. Such is the case in the chicken genome. In an effort to conciliate the amount of data with reliability, we have resorted to different data sets to perform different types of analyses. Gene predictions from the RefSeq collection (Pruitt et al. 2003 )-a collection of genes with good cDNA support-have been used for interspecific analysis of splice-site sequence patterns and for the identification and analysis of mammalian U12 introns. However, there are very few chicken genes in RefSeq. The larger-but strongly biased toward GT-AG canonical U2 introns-Ensembl collection (Birney et al. 2004 ; http://www. ensembl.org) has been used for interspecific comparison of splice-site patterns. A set of mammalian-avian curated orthologous introns-referred to as the HMRG set in this work (see Methods section)-has been used for the comparison of orthologous splice-site sequences. Table 1 describes the sizes of the data sets used in this study.
Intron classes
Two distinct types of pre-mRNA introns are found in most higher eukaryotic organisms (Sharp and Burge 1997) . They differ in the spliceosome complex that excise them during RNA processing. More than 99% of eukaryotic introns are spliced by the U2 spliceosome, while a minor class are spliced by the U12 spliceosome. U2 and U12 introns differ in the conserved sequences flanking their splice sites (see Fig. 1 ). Vertebrate U2 introns are characterized by the highly variable consensus [CA]AG/ GT[AG]AGT at the donor (5Ј) site, (where [CA] means C or A, and / denotes the exon-intron boundary) and by a polypyrimidinerich stretch between the acceptor site and a poorly conserved branch point. The branch point and the acceptor site are usually separated by 11-40 nucleotides, although cases are known where they can be over 100 nucleotides apart (Helfman and Ricci 1989; Smith and Nadal-Ginard 1989) . U2 introns almost always exhibit the conserved GT and AG dinucleotides at the 5Ј and 3Ј intron boundaries, respectively. The only remarkable exception is the existence of U2 GC-AG introns, which appears with a frequency <1% (Burset et al. 2001) .
U12 introns are characterized by a strong consensus/ [AG]TATCCTT at the donor site, and TCCTT[AG]AC at the branch point. They also lack the polypyrimidine tract upstream of the acceptor site, characteristic of U2 introns. Also, in contrast to U2 introns, the distance between this acceptor site and the branch point is consistently short, between 10 and 20 nucleotides (Dietrich et al. 2001) . Although initially discovered because of the unusual AT and AC dinucleotides at the 3Ј and 5Ј splice sites (Jackson 1991; Hall and Padgett 1994) , it was later shown that U12 introns can exhibit a variety of terminal dinucleotides, the vast majority, however, are GT-AG or AT-AC (Dietrich et al. 1997; Sharp and Burge 1997; Levine and Durbin 2001; Zhu and Brendel 2003) . Subtype switching within U12 introns, as well as conversion from U12 to U2 introns, has been documented (Burge and Karlin 1998) , although amazing stability has been reported for U12 introns over very large evolutionary times (Zhu and Brendel 2003) .
We have used the U12 donor site and branch point patterns above to identify U12 introns in the human and rodent RefSeq collections (see Methods). Table 2 lists the resulting frequencies of the different splice classes, and subtypes within each class. Numbers are consistent with those previously published (Burset et al. 2001; Levine and Durbin 2001) . Identification of U12 introns was not attempted in chicken because of the small size of the RefSeq database for this organism. Figure 1 uses sequence pictograms to display the consensus for GT-AG U2 splice signals in mammals and chicken. It also displays the mammalian consensus for GC-AG U2 and U12 splice sites. In sequence pictograms (Schneider and Stephens 1990; Burge et al. 1999 ) the frequencies of the four nucleotides at each position along the signal are represented by the heights of their corresponding letters. The information content (intuitively, the deviation from random composition) is computed at each position, and summed up along the signal. The larger the information content, the more conserved the signal.
Intron class conversion
Orthologous mapping revealed that in all cases, orthologous mouse-rat and human-rodent introns-from the RefSeq data set-were either both U12 or both U2. A few cases were initially classified as instances of intron conversion. After close inspection, however, we realized that all of these (See Supplemental materials for the cross-species alignments at the intron boundaries of all predicted U12 introns). Remarkably, therefore, not one single convincing case of U12 to U2 conversion or vice-versa has occurred since the divergence of the human and rodent lineages. To investigate whether conservation of intron class extends beyond the mammalian lineage, we have mapped the 412 human, mouse, and rat U12 introns from Table  2 , which correspond to 202 unique orthologs, into the chicken genome. The mapping was obtained by comparing, using exonerate (G. Slater, unpubl.), the two exons harboring the intron against the chicken genome sequence (see Methods). A total of 38 mammalian U12 introns were unequivocally mapped into the chicken genome. (See Supplemental material for cross-species alignments at the intron boundaries of the mammalian U12 introns mapped into the chicken genome). The 38 chicken introns had the typical donor-site sequence of U12 introns, and 36 had the typical U12 branch point. In the other two cases, sequences reminiscent of the U12 branch point could still be found, although departing clearly from the consensus. Since these two cases are both of the GT-AG U12 subtype, it is tempting to speculate that they may correspond to intermediates in the interconversion pathway between U12 and U2 introns. Against this hypothesis, however, is the fact that no strong polypyrimidine tract, suggestive of U2 function, can be found upstream of the acceptor site. With the exception of these two cases, the branchpoint sequence was extremely conserved between mammals and chicken, showing no more than two mismatches, but often being identical. The position of the branch point has also been conserved; with only one exception, the larger displacement observed was of 4 nucleotides. These results strongly argue that U2 and U12 introns have evolved independently, at least since the split of mammals and birds.
Subtype switching
Although subtype switching between GT-AG and AT-AC U12 introns has been documented ), we have not found any such case within rodents, between human and rodents, or between mammals and chicken in our set of U12 orthologous introns. It appears that this phenomenon occurs at a very slow rate over evolutionary time (see cross-species alignments of orthologous U12 introns in the Supplemental material).
Within U2 introns, on the contrary, switching between GC-AG and GT-AG subclasses, and vice-versa, is not unusual. Table  3A lists the pairwise frequency of subtype switching within U2 introns, and subtype distribution within orthologous mammalian triads. Because of the limited number of cases available in the RefSeq collection, we have ignored chicken genes in this analysis. A total of 190 of the 290 human (66%) and 289 mouse (66%) GC-AG introns are conserved in both species. Similar proportions are observed between human and rat. Within rodents, 60 of the 68 mouse (88%) and 67 rat (90%) GC-AG introns are conserved in both species. The availability of orthologous introns from three organisms allows the investigation of the dynamics of subtype switching within U2 introns (see Table 3B ). We have divided GC-AG introns' orthologous triads into (1) "ancient"; the intron is GC-AG subtype in the three species, and thus it is likely to predate the split of human and rodents; (2) "modern"; the intron is GC-AG subtype in either human or rodents. Because of the lack of a reference out-group, however, we cannot distinguish here those ancient GC-AG introns that have reverted to GT-AG in one of the two lineages from those modern GC-AG introns that have arisen in one of the lineages; and (3) "recent"; the intron is of GC-AG subtype only in one of the rodent species. The most parsimonious hypothesis is that the switch to GC-AG has occurred after the split of mice and rats.
According to this classification, 47% (45) of the GC-AG introns are ancient, 36% (34) are modern, and 14% (13) are recent. Because human introns act as a reference out-group, we can establish (under the most parsimonious hypothesis) the direction of the GT/GC switch between mouse and rat orthologous introns. Although the numbers are too small to draw definitive conclusions, we observe more GT to GC than GC to GT substitutions (13 vs. 3). This is obviously mostly due to the overwhelmingly larger number of GT-AG than GC-AG introns, but indicates that switching from GT to GC in the donor site of U2 introns is not completely unfavorable. In this regard, it is interesting to note that GC-AG introns' exhibit a stronger and less variable do- 
(A) Orthologous pairs: occurrence of donor site dinucleotide pairs at intron boundaries of orthologous intron pairs. For instance, we have found 65 instances in which the orthologous donor site is GC in human and GT in mouse.
(B) Orthologous triads: occurrence of donor site dinucleotides at intron boundaries in orthologous intron triads. For instance, we have found 23 cases in which the donor site is GC in human, but GT in both mouse and rat. nor-site sequence than GT-AG introns (Fig. 1) . Indeed, the information content of GC-AG donor sites is 12.4, while that of GT-AG donor sites is only 8.2. Probably, the substitution GT→GC, less favorable energetically, needs to be compensated by stronger complementarity in the rest of the site. Indeed, while GC-AG introns make up only 0.7% of all U2 introns (see Table 2 ), when considering only those U2 introns whose donor-site sequence is the perfect complement to the U1 snRNA 5Ј end sequence ([AGC]AG/G[CT]AAGT), then, the percentage of GC-AG introns rises to 11.35% (317 of 2792).
Comparison of splice site sequence patterns
We have investigated here whether the splice-site sequence patterns have changed appreciably since the mammalian and avian split. One way to investigate the variation is to visually compare pictograms or logos (Fig. 1) obtained from collections of sites from different species, derived from the Ensembl database. To facilitate this task, we have extended sequence pictograms into comparative pictograms. In these, the nucleotide distributions of the two species at each position are represented side by side, and the ratio of the nucleotide proportions indexes a range of colors from green to red, indicating nucleotide overrepresentation in one of the two species (see Methods and Supplemental material). Figure 2 shows the comparative pictograms for mouse and rat, human and mouse, and human and chicken. For reference, we have also computed them for human and zebrafish and human and fly. As it is possible to see, comparative pictograms suggest that splice sequence patterns are largely homogeneous within tetrapoda (the pictograms are mostly yellowish), but noticeably distinct from those of other vertebrate and invertebrate taxa. Statistical analysis in which we have explicitly computed the distances between splice-site sequence patterns, using a variety of methods, supports this interpretation (see Supplemental material).
Sequence conservation of orthologous U2 splice sites
In this section, we investigate sequence conservation at orthologous splice sites. Here, we have used the HMRG set of curated mammalian-avian orthologous introns (Methods). In two ways, Figure 3 displays comparisons of orthologous splice sites, the percentage of sequence identity at each nucleotide position in the splice sites and at an intronic region 10 nucleotides long adjacent to the sites. Identity has been computed after aligning the orthologous splice-site sequences at the intron boundaries. Because these alignments are ungapped, the characteristic geometric decay of conservation within the intron observed for mouse-rat and for human-rodent comparisons is suggestive of significant sequence conservation between orthologous introns at this phylogenetic distance. In contrast, for mammalian and chicken comparisons, the ungapped alignment shows an almost abrupt decay right after the splice site-very similar to that observed when comparing unrelated sites.
To investigate what fraction of sequence conservation in splice sites is due to splicing function, we computed background sequence conservation between pairs of (randomly chosen) nonorthologous sites. As expected, background identity is ∼25% outside of the splice signals. Within the splice signals, background conservation at each position roughly correlates with the information content at that position. Interestingly, at the acceptor site, it exhibits a bimodal shape-consistent with the polypyrimidine tract appearing at two different preferential locations. There is also a slow decay of background conservation upstream of the acceptor site-suggesting that the boundaries of this site are not precisely defined.
As shown in Figure 3 , orthologous splice-site sequences are more conserved than expected solely from their role in splicing. Interestingly, this additional conservation is larger than that obtained at adjacent intronic sites for mammalian-chicken comparisons, but not for human-rodent and mouse-rat comparisons (Fig. 3, bottom) . The abrupt decay of background conservation right after the donor site allows us to quantify this observation at these sites. This is less obvious in acceptor sites, because their boundaries are not as sharply defined. Indeed, we have computed the average sequence identity in the four rightmost intronic positions of the donor site (positions +3 to +6 in Fig. 1 ), and at four adjacent positions outside of the site (+7 to +10). The values of background conservation in these two regions are ∼50% and 26%-27%, respectively, for all pairs of species. For mouse-rat orthologous comparisons, the values are 89% and 76%, respectively, for human-mouse, 78% and 53%, respectively, and for human-chicken, 62% and 31%, respectively. That is, conservation due to nonsaturation is smaller at the donor site than at adjacent positions (89 ‫מ‬ 50 = 39% vs. 74 ‫מ‬ 26 = 48%) for comparisons within rodents, similar for human-rodent comparisons (27% vs. 26%) and larger for human-chicken comparisons (12% vs. 4%). While it cannot be ruled out that this additional conservation reflects the existence of a small class of donor sites conserved beyond the generic consensus, a simpler explanation is that the reaching of saturation (understood here as the level of conservation at which orthologous sites are as conserved as unrelated sites, 27% identity at intronic sites, 50% at donor sites) is slower at sites under functional constraints. In the case of splicing, nucleotide substitutions at the splice sites may impair splice function. Thus, while the substitution process since the divergence of the mammalian and avian lineages has lead to almost complete saturation in proximal intronic sites (31% identity), donor sites (62% identity) are still far from saturation.
Discussion
Thanks to the availability of genome sequences for a number of mammalian and one avian species, we have been able to inves tigate the dynamics of the evolution of splice-site sequences in recent evolutionary times. Our results confirm that the splicing code is under evolution, albeit very slow. Indeed, while differences between overall splice-site sequence patterns correlate well with phylogenetic distance, they have remained largely homogeneous within tetrapoda, showing noticeable differences only at larger phylogenetic distances-such as those separating tetrapoda from fish.
Even though the splicing code appears to have remained quite constant within tetrapoda, our results also indicate that specific splice-site sequences may suffer significant changes during evolution and remain functional. Figure 3 displays the percentage of sequence identity at each nucleotide position across orthologous splice sites within rodents, between human and rodents, and within mammals and chicken. At all distances, orthologous splice-site sequences are more conserved than unrelated splice sites, but they have significantly diverged, showing an intermediate level of conservation between that of exon and intron sequences. The existence of additional sequences enhancing or repressing the recognition of the splice sites (for instance, see Caceres and Kornblihtt 2002; Cartegni et al. 2002; Black The greater conservation observed in mammalian chicken orthologous splice sites than in unrelated sites indicates that nucleotide substitution since the mammalian avian split has not yet reached saturation at these sites (estimated at ∼50% identity at donor sites). At this phylogenetic distance, however, saturation has been reached at intronic sites, showing a level of conservation similar to that of unrelated sequences. This is the most likely explanation for the excess conservation over background observed in splice sites for comparisons between mammals and chicken, but absent in comparisons within mammals-where saturation has not been reached either at intronic sites.
In any case, the characteristic conservation of orthologous splice sites suggests that comparative prediction of splicingthrough the modeling of the conservation in orthologous sitescould improve over methods based on the analysis of a single genome. Comparative prediction of splice sites could be particularly relevant to the prediction of alternative splicing-a problem still poorly solved-since it appears that a large fraction of alternative splicing events are conserved between related species, such as human and mouse (Thanaraj et al. 2003) .
The availability of a large collection of orthologous intron sequences has also allowed us to investigate the evolutionary relationship between the minor U12 splicing class, and the major U2 class. Our results seem to indicate that U12 and U2 introns have evolved independently after the split of mammals and birds, since we have not been able to document a single convincing case of conversion between these two types of introns in our data sets. Certainly, because we have used a rather stringent criteria of U12 membership, it cannot be completely ruled out that such cases exist-maybe associated with dramatic changes in exonic structure, which our analysis cannot detect. On the other hand, although subtype switching between GT-AG and AT-AC U12 introns has been documented ), we have not found any such case in our sets of U12 orthologous introns. In contrast, switching between the minor GC-AG and the major GT-AG subtypes within U2 introns is not unusual, and appears to be relatively well tolerated in introns with very strong donor sites. Comparison of orthologous introns has also allowed us to refine the sequences involved in the specification of the U12 introns (see Methods and Fig. 1 ). These sequences, while more conserved than signals involved in U2 intron specification, are more degenerate that previously thought.
Splicing remains an intriguing phenomenon. The results presented here, however, indicate that the increasing availability of sequences from genomes at different evolutionary distances will greatly contribute to the understanding of splicing, in particular, to understanding its history and its fundamental coding characteristics.
Methods
All of the statistical analyses were performed with the R package (Ihaka and Gentleman 1996 ; http://www.r-project.org/) using ad hoc scripts for the preparation of exploratory data analysis plots.
RefSeq genes and introns
Assembled chromosomal sequences and their associated annotations were downloaded from the UCSC Genome Browser (Kent et al. 2002; Karolchik et al. 2003 ; http://genome.cse.ucsc.edu/). The results described in this work were obtained on the assemblies listed in Table 1 . RefSeq genes interrupted with stop codons, or for which the amino acid sequence derived from the genomic coordinates had a difference of more than three amino acids in length or more than five gaps in the alignment when compared with the original amino acid sequence, were discarded. After this filtering step, 16,803 genes from the 21,744 annotated genes of the human HGv16 data set, 9734 genes from the 17,988 of the mouse MGSCv4, and 2783 genes from the 4877 of the rat RGSCv3.1 were retained.
Orthologous mammalian RefSeq introns

Gene sets
The set of homologous gene pairs was downloaded from the NCBI's HomoloGene database (Zhang et al. 2000 ; http:// www.ncbi.nlm.nih.gov/HomoloGene/). From 369,338 homolog pairs, there were 46,522 pairs corresponding to human-mouse, human-rat, or mouse-rat orthologous genes. Redundancy was removed in order to keep only unique putative ortholog pairs. Only those gene pairs in which the two members were in the final gene set resulting after the filtering process above were taken into account. Ternaries of human, mouse, and rat genes were built when possible. Otherwise, the gene pairs were considered.
This process yielded 1283 human-mouse-rat triads. In addition, 4267 human-mouse ortholog pairs, 454 human-rat pairs, and 133 mouse-rat pairs were obtained. These numbers correspond to 6043, 5680, and 1847 unique RefSeq genes for human, mouse, and rat, respectively. When performing pairwise comparisons, the corresponding genes in the triads were included in the set of pairs. Thus, the resulting extended pair-wise sets contained 5550 human-mouse, 1737 human-rat, and 1416 mouserat pairs. All data sets, as well as graphical displays of sequence comparisons of the orthologous sequences are available from http://genome.imim.es/datasets/hmrg2004/.
Introns sets
We devised a protocol to extract orthologous intron pairs and triads from the above set of orthologous genes. First, all of the pairs of consecutive exons for each gene were aligned with t_coffee (Notredame et al. 2000 ; http://igs-server.cnrs-mrs.fr/cnotred/ Projectshomepage/tcoffeehomepage.html) using default parameters against all of the exonic pairs from the corresponding orthologous genes. This step ensured that we were working with the most accurate set of orthologous introns, despite changes in the exonic structure of orthologous genes (such as missing exons due to misannotations or gaps in the assemblies). Second, the exonic structure of the gene was projected onto the alignments. Third, from orthologous gene pairs or ternaries, only those exon pairs in which all intron positions occurred at conserved positions in the alignment and the intron phases were conserved and retained. Plots on which the exonic structures have been projected onto the alignments can be accessed at http://genome. imim.es/datasets/hmrg2004/.
Orthologous HMRG introns
A set of human, mouse, rat, and chicken 1:1:1:1 confident orthologous introns was taken from International Chicken Genome Sequence Consortium (2004) (P. Bork and I. Letunic, pers. comm.). The set consisted of 1041 orthologous genes, totalizing 9110 orthologous introns. After mapping those genes into the annotations for the newer assemblies used in this analysis, 863 genes and 6524 introns remained in the four species orthologous set. The sequences 75 bp upstream and downstream of the signal core nucleotides (GT and AG for instance) were used in the orthologous splice-sites' sequence conservation analysis.
Intron class
U12 introns were searched, relying on the conserved donor-site sequence and the acceptor-site branch point. Mammalian introns were initially considered to be U12 if (1) they matched the motif [AG]TATCCTT (where [AG] means A or G) from position +1 at the donor splice site; and (2) they matched the motif TCCT T[AG]A[CT] at the region from ‫5מ‬ to ‫02מ‬ upstream the acceptor splice site. When looking for the U12 branch point, up to two mismatches were allowed, and the hit was accepted if at least one adenine was found in position 6 or 7 of the motif-to avoid branch point hits without biological sense. Visual inspection of introns orthologous to U12 introns, but which initially failed to meet this criteria, suggested that this initial definition is too stringent. Therefore, we searched only for the presence of a strong branch point signal at the appropriate location in orthologous introns. After inspection of all of those cases in which the two orthologous introns contain such a signal, we found a few additional cases in which the donor-site sequences strongly resemble the characteristic U12 donor site sequence, but failed to match the consensus above. Indeed, we have found that only the nucleotides at positions +2 (T), +3 (A), +4 (T), and +5 (C) within the intron are absolutely conserved in U12 donor-site sequences (TATC). Position +6, thought to be an invariable C (Burge et al. 1999) , may also be a T, and positions +7 and +8 can actually be occupied by any nucleotide. This more degenerate pattern was the one used to identify chicken U12 introns, where, at most, a gap (in addition to one mismatch) was also allowed to match the branch-point consensus. These results, which help to characterize the sequences that define U12 introns, illustrate the power of comparative genomics to refine our knowledge of the functional sequences encoded in eukaryotic genomes.
Mapping of mammalian U12 introns into the chicken genome
DNA sequences of the exon-pairs delimiting each U12 intron were mapped into chicken genomic sequences using exonerate (http://www.ebi.ac.uk/guy/exonerate/). Only those alignments that preserved the mammalian splice site were taken into account. Introns obtained in that way were classified into U2/U12 classes following the same criteria as in the above section.
Comparison of splice site sequence patterns
We have quantified the different use of nucleotides in splice sites by different species and represent it by comparative pictograms. A comparative pictogram is a graphical representation of the nucleotide proportions observed in two different sets of aligned sequences. In this article, these sets are splice sites of different species and the proportions are calculated for every position along the splice site. As in sequence pictograms, the sizes of nucleotides scale with their observed proportions, but here the nucleotides of the two sets are put side by side to ease their comparison. Moreover, the background occupied by each nucleotide is colored with the ratio of the proportions (the relative risk). Further details are given in the Supplemental material.
We have further analyzed the different nucleotide usage in splice sites of different species by two kinds of comparisons as follows: (1) by building confidence intervals for the relative risks and counting how many of them include a ratio value of 1 (i.e., no difference of nucleotide usage), and (2) by assessing the site species dependence, that is, the extent to what the occurrences of the observed splice sites depend, statistically speaking, on the
